ABSTRACT: Using an 11.7-Tesla magnetic resonance imaging (MRI) scanner in 10-d-old rat pups we report on the evolution of injury over 28 d in a model of neonatal stroke (transient filament middle cerebral artery occlusion, tfMCAO) and a model of hypoxicischemic injury (Rice-Vannucci model, RVM). In both models, diffusion-weighted imaging (DWI) was more sensitive in the early detection of ischemia than T2-weighted imaging (T2WI). Injury volumes in both models were greater on d 1 for DWI and d 3 for T2WI, decreased over time and by d 28 T2WI injury volumes (tfMCAO 10.3% of ipsilateral hemisphere; RVM 23.9%) were definable. The distribution of injury with tfMCAO was confined to the vascular territory of the middle cerebral artery and a definable core and penumbra evolved over time. Ischemic injury in the RVM was more generalized and greater in cortical regions. Contralateral hemispheric involvement was only observed in the RVM. Our findings demonstrate that high-field MRI over extended periods of time is possible in a small animal model of neonatal brain injury and that the tfMCAO model should be used for studies of neonatal stroke and that the RVM does not reflect the vascular distribution of injury seen with focal ischemia. (Pediatr Res 61: 9-14, 2007) C urrent neuroprotective therapies of acute stroke in adults have not proven beneficial and because the delay in diagnosis of neonatal stroke is beyond the current window of opportunity for thrombolytic therapy, it is likely that future neonatal care will focus on delayed treatments implemented hours to days after ischemia. Temporally delayed treatment is even more likely in cases of neonatal ischemia as observable signs are more difficult to assess and observe. As such, being able to serially and noninvasively monitor the evolution of neonatal stroke in humans as well as animal models over weeks to months would be advantageous in studying mechanisms of injury, repair and responses to treatment. Magnetic resonance imaging (MRI) has greatly improved our ability to detect stroke in newborns but its use in neonatal stroke models has been limited by the technical challenges in serially acquiring such data (1,2).
C urrent neuroprotective therapies of acute stroke in adults
have not proven beneficial and because the delay in diagnosis of neonatal stroke is beyond the current window of opportunity for thrombolytic therapy, it is likely that future neonatal care will focus on delayed treatments implemented hours to days after ischemia. Temporally delayed treatment is even more likely in cases of neonatal ischemia as observable signs are more difficult to assess and observe. As such, being able to serially and noninvasively monitor the evolution of neonatal stroke in humans as well as animal models over weeks to months would be advantageous in studying mechanisms of injury, repair and responses to treatment. Magnetic resonance imaging (MRI) has greatly improved our ability to detect stroke in newborns but its use in neonatal stroke models has been limited by the technical challenges in serially acquiring such data (1,2).
The current study used high field strength (11.7T; Tesla) MRI to study the evolution of neonatal hypoxic-ischemic injury over a period of 28 d in two different models. We chose to compare a model of neonatal stroke (tfMCAO, transient filament middle cerebral artery occlusion) to that of the more commonly used model of neonatal hypoxic-ischemic brain injury (RVM, Rice-Vannucci model of unilateral carotid ligation and 1.5 h of hypoxia). We hypothesized that MRI could be used in a small animal model to serially and noninvasively monitor the evolution of injury over 28 d and that neuroimaging could elucidate temporal and spatial patterns of injury in the two models. Specifically, we wished to determine whether there were neuroimaging differences between the two models in: (1) the distribution of injury; (2) the degree of injury in striatum and cortex; (3) the evolution of core and penumbral injury; and (4) whether injury was confined to one hemisphere or involved the contralateral hemisphere.
METHODS

Ischemic injury induction.
All treatment paradigms and experimental procedures were approved by the Loma Linda University Institutional Animal Care and Use Committee.
tfMCAO. Focal ischemia in the rat pup was accomplished using a filament model of temporary unilateral proximal occlusion of the left middle cerebral artery (MCA) as previously developed by our laboratory (3, 4) . Unsexed 10-d-old spontaneously hypertensive rat (SHR) pups (14 -18 gms; n ϭ 22) were anesthetized with 4% isoflurane and placed on a prewarmed pad (body temperature ϭ 37°C) on the platform of a Zeiss stereoscopic microscope (Model # OMP1). Through a midline neck incision, three vessels were cauterized and a small incision made in the external carotid artery. A nylon filament (#6.0, 0.07 mm) was introduced through the incision and advanced into the internal carotid artery to block the MCA (20 min duration). Pups were allowed to recover in a normoxic environment and after 90 min of occlusion, they were checked for neurologic deficits before being reanesthetized.
RVM. Five pups were studied using the standard RVM (5) of unilateral common carotid artery occlusion with 8% hypoxia. Unsexed 10-d-old SHR pups were prepared for surgery as above. However, with this model, the right common carotid artery of each pup was exposed, ligated (5-0 sutures) and the injured pups allowed to recover with their dams for 2 h. They were then placed in a jar containing a humidified gas mixture (8% oxygen-balance nitrogen at 37°C) for 1.5 h and then allowed to recover.
MRI. MRI was performed in all animals at 1, 3, 7, 14, and 28 d after injury. These time points are commonly used endpoints in studies of ischemic brain injury in rat pup models (1,2). We did not make more frequent measurements in the early period after ischemia as this study focused on demonstrating how neuroimaging may be used in a model of chronic injury and repair. The tfMCAO animals were imaged to verify successful occlusion of the MCA and this data were previously reported (4). The RVM pups were not imaged immediately after surgery because all pups had consistent volumes of injury in preliminary studies. No adverse respiratory, body temperature or heart rate changes were noted during the imaging.
Pups were lightly anesthetized using 1% isoflurane and body temperature was maintained at 37°C (4) . MRI data were collected on a vertical Bruker Avance 11.7 T MRI (8.9 cm bore) with a 3.0 cm (ID) volume quadrature coil (Bruker Biospin, Billerica, MA). Two imaging data sets were acquired: 1) a 10 echo T2 (TR/TE ϭ 4600/10.2 ms, 128 2 matrix, 3 cm field of view (FOV), and 2 averages), and 2) a diffusion weighted study (TR/TE ϭ 3000/25 ms, two b-values (0.72, 1855.64 s/mm 2 ), 128 2 matrix, 3 cm FOV, and 2 averages). Each sequence collected 20 coronal slices (1 mm thickness, interleaved 1 mm). Due to age-related size increases, the 28-d imaging was done on a larger bore (30 cm) Bruker 4.7T imager using the same parameters.
Volumetric image analysis. Region of interest (ROI) analysis on the T2 and diffusion weighted imaging (DWI) images was done using a 3D imaging program (Amira™, Mercury Computer Systems, Inc., Chelmsford, MA). Analysis was performed on the entire imaging T2 and DWI datasets to delineate spatial development of ischemic injury volume using visual thresholds. Analysis included extraction of injury volume (total; cortical and striatal; core and penumbra), nonischemic brain volume, and total brain volume, as previously described (4) . Hemispheric ischemic injury was calculated over all slices (left hemisphere volume of lesion/left hemisphere total volume) and expressed as a percentage of the intact contralateral hemispheric volume.
Penumbral volumes were estimated at each time point by first measuring the core volume at 28 d using the T2 images. Based on the assumption that the total volume of injury could be partitioned into core and penumbral regions, the final core volume was subtracted from the total hemispheric volume of injury at 1, 3, 7, 14, and 28 d and then divided by the hemispheric volume to calculate the percent final volume (Table 1 , Fig. 1 ).
Neuropathology. After the final MRI study on day 28, pups were deeply anesthetized (ketamine/xylazine: 90/10 mg/kg i.p.) and perfused transcardially with 10% buffered neutral formalin solution. Brains were removed, postfixed overnight and tissues were embedded in paraffin. 7 m thick sections cut from each block and mounted onto glass slides with every tenth section stained with cresyl violet according to our previously used protocol (4) .
Statistical analysis. Significant differences in the temporal evolution of ischemic volume of each model were determined using a one-way Analysis of variance (ANOVA, SigmaStat) with a posthoc pair wise multiple comparison procedure (Tukey test), significant at p Ͻ 0.05 and highly significant at p Ͻ 0.01 for each time point. Regional volumes of ischemia (total, cortical and striatal) and sensitivity of T2 versus DWI were compared by t tests (p Ͻ 0.05) using data from 3 and 28 d.
RESULTS
Mean weight, percentage of animals surviving the injury, and the percent hemisphere injured with penumbral volumes from the DWI scores are summarized in Table 1 . In the tfMCAO pups, survival at 3 d was 75% and decreased to 29% initially showed a large region of increased image intensity at these time points (Fig. 1) . In contrast, the RVM model showed both diffuse T2 and DWI intensity changes at 1 d ay (Fig. 1) . The area of T2 and DWI hyperintensities appeared maximal at 3 d, with T2 hyperintensity continuing to evolve and more clearly demarcating the final lesion volume in both models where a distinct pattern of postnecrotic cortical and subcortical remodeling was evident. Changes in the DWI at 7 and 14 d were difficult to interpret because of ongoing cellular modifications and the development of necrotic injury. The hyperintensity seen at day 28 on DWI reflects a T2 'shine-through' effect rather than persistent cytotoxic edema. Evidence of the final ischemic injury observed on the T2 images lagged behind those seen with DWI.
Volumetric analysis. Volumetric analysis of the DWI showed a temporal alteration that was similar in both models (Fig. 2) . On day 1, DWI volumes overestimated the final 28-d ischemic volumes. Over the first 7 d, injury volumes decreased in both models with both models showing decreases in the percent hemisphere injured on day 1 compared with days 3-28 (p ϭ 0.05). Notably, the 7-d injury volume was smaller in the tfMCAO than in the RVM (p ϭ 0.02). DWI lesion volumes at 7 d were not significantly different from those at 28 d in either model, with final DWI volumes of injury being 10.3% (tfMCAO) and 15.6% (RVM) of the ipsilateral hemisphere (Fig. 2) . Analysis of MR images from both models demonstrated regional changes that warranted a more thorough analysis (T2 and DWI), comparing cortical and subcortical structures.
Comparison of total hemispheric, cortical and striatal volumes from DWI and T2WI at 3 and 28 d are summarized in Fig. 3 . After 3 d the percent hemispheric injury volume on the T2WI was significantly greater in the RVM (60.6%) compared with the tfMCAO model (38.9%; p ϭ 0.08; Fig. 3A) . The percent volume of cortical injury on T2WI was also greater in the RVM (49.2%) than in the tfMCAO group (26.6%; p ϭ 0.03). At 28 d, the T2 derived cortical volumes remained greater in the RVM (21.6% of hemisphere) than in the tfMCAO model (5.8%; p ϭ 0.009) (Fig. 3B) . No significant difference between the models was seen in T2 derived striatal infarction volume at 28 d (p ϭ 0.13). Figure 4 shows the three dimensional volume reconstructed T2 images (coronal, sagittal and angled) showing ischemic injury in the RVM and tfMCAO models at 3 and 28 d. The RVM injury involves greater cortical areas (also see Fig. 1 ) that extend to the brain surface than was seen in the tfMCAO model. The ischemic injury in the RVM also involves brain regions that are more anterior and posterior than that induced by the tfMCAO, which more closely followed the limits of the vascular distribution of the MCA. When cortical involvement is present after tfMCAO, it includes more temporal regions compared with the parietal or retrosplenial cortical involvement in the RVM, possibly reflecting method of injury (occlusion versus hypoxia). The RVM also features: 1) greater overall cortical and subcortical injury volumes (Fig. 3, 5A) , 2) contralateral injury due to global hypoxia (Fig. 5B, C ) , and iii) cortical injury that appears to be more laminar (Fig. 5C) .
Ischemic core and penumbra differentiation. As shown in Fig. 1 , the core and penumbral areas were more easily delineated in the tfMCAO model than in the RVM. Examination of the DWI at 1 d after tfMCAO shows an area of decreased diffusion (i.e., increased image brightness), similar in size to the area of injury observed in the 28 d T2 image, suggesting that this region may correspond to the area of irreversible tissue injury or ischemic core. There is also an adjacent area of altered signal intensity which resolves by 3 d and which does not overlap with any T2 abnormalities at 28 d. There was similarly a large area of hyperintensity seen on the T2 images at 3 d that resolved by 28 d. These areas of reversible diffusion restriction and T2 hyperintensity are likely to correspond to the ischemic penumbra.
Estimates of penumbral volumes are summarized in Table 1 and suggest that tfMCAO penumbra volumes were considerably larger than those in the RVM animals, even though the final infarct volume (core) was larger in the RVM.
Histologic validation of MRI findings. The histologic sections from the RVM pups appeared to encompass a larger portion of brain, involving striatum, hippocampus and cortex when compared with the tfMCAO pups (Fig. 6A, E) . The tfMCAO pups had clear regions of necrosis in the retrosplenial cortical region (Fig. 6A, C) that were smaller and better defined than those found in the RVM pups (Fig. 6F, G) . The contralateral hemisphere in tfMCAO pups did not show distinct pathology but rather normal-appearing neuronal and cellular histology (Fig. 6D, H) .
DISCUSSION
Our previous report using an 11.7T scanner underscored the value of DWI and T2WI over 28 d to examine the evolution of neonatal stroke after tfMCAO and also correlated the imaging abnormalities with neuropathology (4). The present study demonstrates that there are clear neuroimaging differences in the volume and distribution of ischemic injury between the RVM and tfMCAO models and suggests that the RVM is better suited to the study of neonatal hypoxicischemic injury than it is to the study of neonatal stroke. As expected, the distribution of ischemic injury in the tfMCAO model was more clearly confined to the vascular territory of the MCA and a definable core and penumbra were present and evolved over time. In contrast, ischemic injury in the RVM was more generalized, had greater cortical involvement and involved the contralateral hemisphere.
We are unaware of any previous studies that compared neuropathological, imaging, and biochemical/metabolic derangements in adult or neonatal stroke models using tfMCAO versus RVM ischemic injury. Although it is likely that there are differences in the pathophysiology of ischemic injury, we did not explore this issue but confined our analysis to imaging and neuropathological data. The overall volumes of ischemic injury in the tfMCAO and RVM were similar but the distribution of injury was different (Figs. 2 and 3) . These differences were best visualized with volumetric MR analysis (Figs. 2-4 ) than conventional neuropathology that is usually performed only on selected brain sections. The importance of determining differences in the distribution of injury in these two models is that different patterns of injury are likely to result in different long-term neurobehavioral, motor and structural outcomes as the pups mature. This is an important issue as animal-model research is more critically evaluating functional as well as neuropathological outcomes.
Long-term studies (i.e., 3 to 4 wk) have been performed in adult rat models showing the evolution of injury as measured by DWI and T2WI in the tfMCAO model (6) as well as in the Levine model (also unilateral carotid ligation with hypoxia) (7). Evidence of early injury was better seen with DWI although it overestimated final T2-derived injury volume. The DWI and T2WI changes that we observed are similar to those reported using lower field strength magnets in rat pup RVM (8) and stroke (9) models. Previous MRI studies have not gone beyond 3-7 d in either neonatal model; thus, the current study is the first to provide such comprehensive long-term data. DWI reflects development of acute cytotoxic edema due to cell membrane energy failure and T2WI primarily reflects vasogenic edema due to disruption of the blood brain barrier indicative of tissue at risk. The early appearance of T2 abnormalities in a specific region (e.g., white matter or hippocampus) would suggest that a particular brain region may have Figure 4 . Volumetric comparisons of ischemic injury at 3 and 28 d in the RVM and tfMCAO. 3-Dimensional volumetric reconstructions from the same animals using T2WI at 3 and 28 d after infarct induction. The coronal, sagittal and angled images clearly show that the RVM animal has a larger rostral-caudal extent of injury than the tfMCAO animal at 3 d. Furthermore, at 3 d the RVM has considerably more cortical involvement than the tfM-CAO. At the final imaging point of 28 d both models showed similar volumes of damage, with the tfMCAO model being more anterior than the RVM. Again, the RVM had more cortical involvement than the tfMCAO animals (Total brain tissue Gray; infarcted tissue Red). 12 suffered irreversible injury and would be less likely to respond to treatment (10) .
Cortical, striatal and white matter injury in the two models. The RVM pups demonstrated greater superficial cortical injury as well as greater involvement of brain tissue outside the distribution of the MCA in the ipsilateral hemisphere (Fig. 4) . The increased RVM lesion size likely is due to the more global effect of the 1.5 h of hypoxia resulting in increased vasogenic edema, to which T2 images are more sensitive. Striatal and white matter involvement was similar in both models. Based on the greater cortical involvement one might anticipate greater global cognitive impairments in the RVM. While, this is difficult to assess in rats, clinically it is well recognized that neonates with more diffuse hypoxic-ischemic injury are more likely to have cognitive impairments than those with stroke.
Previous reports (9) have shown that there is white matter involvement in neonatal stroke that is difficult to delineate in the neonate using MRI. However, the tfMCAO model appeared to have less corpus callosum involvement than the RVM model (Figs. 1 and 6 ). The sensitivity of white matter to hypoxic-ischemic injury is well known and thus the RVM model appears to have larger involvement that in large part may be due to the exposure to global hypoxia.
The mechanisms underlying differences in regional susceptibility are unclear but in part, are due to local variations in 
ISCHEMIC INJURY IN THE RAT PUP
CBF during and after ischemia (7) . In the RVM, changes in diffusion have been associated with secondary loss of highenergy phosphates (11) and the magnitude of this impairment correlates with injury severity (12) . Since the duration of the cerebrovascular insult was similar in both models (i.e., 1.5 h), the major differentiating features were the presence (RVM) or absence (tfMCAO) of an hypoxic insult, the obstruction of a larger (RVM) or smaller (tfMCAO) caliber artery, and the fact that in the RVM an inflow artery with a distal Circle of Willis is used whereas in the tfMCAO an end artery is occluded. Together, these differences would likely affect the ensuing metabolic cascade leading to cell death. Numerous other mechanisms have also been suggested for these regional susceptibility differences (7, 13) .
As demonstrated in several recent MRI studies using the RVM, white matter injury appears earlier and after shorter periods of hypoxia than gray matter injury (10, 14) , supporting earlier studies of increased susceptibility of this region (15) . As shown in Figs. 1 and 6 , the distribution of white matter injury is different in the RVM and tfMCAO models also suggesting different long-term motor and behavioral effects.
Core and penumbral regions in the two models. Evolution of injury in adult stroke models involving MCAO is described as containing a central primarily necrotic core and potentially salvageable penumbral regions. Imaging of the evolution of such injury is well-described in adult stroke models (16) and more recently in newborns (9, 17) . Conversion of penumbral regions to irreversible injury is complex and multiple metabolic, inflammatory and apoptotic postreperfusion responses to injury have been described (18) . In the current study, we demonstrated that DWI or T2WI in the tfMCAO model delineated a potentially salvageable penumbral region. Such imaging methods could serve as a biomarker of treatment effect. However, it would be necessary to compare mortality rates over time as it is possible that the evolution and volume of injury might be greater in pups that died.
Penumbral regions in the RVM likely exist although most researchers have refrained from characterizing the evolution of ischemic injury in such terms and there is virtually no published literature on this subject. Our study would suggest that the tfMCAO likely has a larger penumbra than the RVM model, even though the final infarct volume (core) is larger in the RVM. A recent study in the 7-d old rat pup defined 'penumbra-like' regions as an intermediate lesion based on tissue areas that showed enhanced GFAP-reactive astrocytes and spared cresyl-violet-stained neurons (19) .
Contralateral hemispheric involvement. Neuroimaging showed increased restricted diffusion in the contralateral hemisphere in the RVM (Fig. 5) . Although the RVM is often considered not to have contralateral involvement, the original description of the model in 1981 (5) and in several follow-up neuropathology studies (20, 21) , described subtle contralateral cell injury, similar to that in our DWI/T2WI studies. In previous investigations of the RVM, the contralateral hemisphere has served as the control for measurement of various metabolic/gene regulatory mechanisms, an experimental design that our data suggest needs to be reconsidered.
